INTRODUCTION
MATHEMATICAL theory in population genetics formulated by Fisher, Haldane and Wright during the 1930's paved the way for intensive studies of evolutionary processes in both laboratory and natural populations of plants and animals. It is particularly true in many polymorphic situations that selective pressures of a much higher order than at first postulated are operative, bringing about remarkable genetic changes in a relatively short time, as in industrial melanism (Kettlewell, 1956) .
In most species where polymorphism has been investigated (for example colour patterns in adult butterflies, beetles or gene arrangements in larv of Drosophila) it is possible to estimate gene frequencies only for a particular stage in the life-cycle. For such organisms information on the net effect of selection operating throughout their life-cycle can be obtained. It is often desirable to know if a particular selective value is relatively constant throughout the life-cycle or if it is operative only during a certain stage of development, e.g. adult or pupal stage. In grasshoppers, colour patterns which appear during the first nymphal instar and remain obvious through the life of the insect provide an excellent opportunity to study the immediate effect of natural selection.
No detailed study of the population genetics of colour patterns in the Orthoptera has been made although inheritance studies in some species have been carried out. Fisher's (1930 Fisher's ( , 1939 analysis of Nabour's extensive breeding data indicated that in Apotettix eurycephalus, heterozygotes had a selective advantage of 7 per cent, over the dominant homozygotes and about 5 per cent, over the common recessive form. Also from the data for natural populations of Paratettix texanus Fisher showed that the frequency of individuals heterozygous for two or more dominant genes was less than expected and he suggested that selective forces of the order of 40 per cent. were operating against these forms in the field. Rubtzov (1935) reported relative frequencies of four different colour patterns in Chorthippus alboinarginatus from habitats which varied from dry to humid, His data suggest that in moist habitats, green individuals have a selective advantage over brown forms whereas in dry habitats the situation is reversed. There were also marked differences in size and behaviour between the two forms.
The Australian plague locust, Chortoicetes terminfera, is polymorphic 569 570 0. R. BYRNE for at least nine colour patterns (Byrne, 1967) . These colour patterns are inherited as though determined by four multiple alleles, Fa, F, Fr and Ft. Heterozygotes can be recognised except in the case of FaFr, which is indistinguishable from FaFa.
MATERIAL AND METHODS
Six separate populations located in the central western district of New South Wales were sampled between October i 960 and March i 96!. Each population was sampled weekly during the nymphal stage and fortnightly during the adult stage of the first generation. Only two of these (Pop. A and Pop. B) produced a second generation with adequate numbers of individuals for study. Difficulties in publication of extensive tables of data do not permit a detailed treatment of all the data collected from the six populations. This paper will consider only changes irs culour pattern frequency in populations A and B for which more extensive data are avail., ble.
However, except for some minor irregularities, the same general trend in changes in colour pattern frequency occurred in all populations. Samples were obtained using three methods. First instar nymphs are relatively inactive for the first few days and they rarely hop high enough from the ground to be caught by sweeping with a hand net. It was found that adequate samples of these individuals could be obtained by sucking them into a flask. After most individuals in a population had completed their first instar, a hand net was used for sampling. However, it was difficult to collect adequate numbers of adults in this way unless they were in a fairly dense population. The third sampling method involved using a cage attached to the front of a car. This was used to capture adults wherever possible. Naturally, only one sampling method was used on any one date. Replicate samples obtained by each method were homogeneous with respect to colour pattern frequency. This indicates that on each occasion random samples of the populations were obtained. Values of chi-square for heterogeneity are given irs table i.
LIFE HISTORY UNDER NATURAL CONDITIONS
A generation of Chortoicetes may be completed within 7 weeks under laboratory conditions (Byrne, 1967) . Swan (1956) has recorded a generation time of i i weeks under favourable conditions in the field. During the studies reported here, considerable data on generation time and developmental rates for nymphal instars were obtained. In population A, development in which was typical of the populations studied, 575 hatching commenced on 3oth September, after a fall of rain on 23rd September. The relative frequencies of the six different instars for males and females collected from population A at the different dates are given in table 2. First instar nymphs were captured up to 26 days after the commencement of hatching. Therefore, hatching must have continued for about three weeks even though no further rainfall was Total number of males = 1558.
recorded. More than half the males were adult by the forty-fourth day and after 8 weeks the population consisted almost entirely of adults. The second generation emerged on i8th December, approximately i i weeks after the first generation.
For the first two weeks after hatching both sexes developed at approximately the same rate. However, after the third week most of the males were fourth and fifth instar and the females were second and third instar. This increase in rate of development in males was maintained and they were adult a week earlier on the average than females.
Active stages of C. terminfera rarely survive the winter period, which is normally passed in the egg stage. Eggs which are laid during autumn commence hatching in spring after the onset of warm weather and rainfall. In the areas most favourable for locusts, three generations may be completed in the one season. When hatching started on 1st October 1960, the only food on the oviposition site was couch grass which covered a portion of the ground.
Medic, which was abundant at the site for population A, was absent. Notwithstanding the arid appearance of this habitat, the population survived to the adult stage. However, even after summer rains, there was inadequate food on both oviposition and food-shelter habitats and the majority of adults migrated from the site. Table 3 shows the relative frequencies of colour pattern genotypes for populations A and B which were sampled at intervals during the first generation. The dates on which samples were collected are expressed in number of days after the date on which hatching was observed to commence. The size of the samples are given in the extreme right-hand column.
CHANGE IN COLOUR PATTERN FREQUENCY
Out of 5252 locusts, 2392 were females. Sex was not recorded for first instars because external genitalia are not obvious at this stage.
To maintain uniformity in presentation of the data, it was assumed that the sex ratio among first instars is 1:1 and that colour patterns are distributed equally among first instar males and females. However, among each of the later instars it was found that males and females had different colour pattern frequencies and therefore the data for each sex are analysed separately. The relative frequency of Fa was less than i o per cent, in each population and in fact it rarely exceeded 5 per cent. In both populations the frequency of this allele gradually decreased to 1-2 per cent. during the first 8 weeks. Although the data indicate that selection was acting against this gene during the active stages of the first generation, there must be counter-selection favouring it either during the egg stage or, perhaps, towards the latter part of the season, otherwise a rather high mutation rate would be required to maintain the gene frequency anywhere near the observed level. The proportion of FT increased at the expense of F in both populations; Ft was relatively constant among females but showed some increase among males during the fourth and fifth instars.
The changes in colour pattern frequency which have been reported are considerable. Are these changes due to natural selection and, if so, are the different instars subject to different selective forces? If the data already presented in table 3 are arranged according to instars, it is found that similar changes in genotypic frequencies occur. This is because the successive samples reflected to a large extent the progression in development of first instars through to adults.
In order to investigate the nature of changes in genotypic frequencies, an analysis was carried out treating the colour pattern frequencies among the instars for each sample separately, i.e. each sample was partitioned with respect to sex, colour pattern and instar.
In For population A the total maximum likelihood score for FflF (males) was positive, indicating that within samples the relative frequency of this genotype increased during successive instars. The total effect of this increase within the samples was significant (x2 = 483, I.D.F.) and there was no significant heterogeneity among the samples. Similar changes were recorded for FF' females. Also for population A, the frequency of FTFr increased with the age of individuals but it decreased in the case of FTF' and FF1 respectively. These changes were not significant at the 5 per cent, level. In population B, the frequencies of both FflF and FF' decreased with increasing age of individuals, the change not being significant in the case of FeEt females. On the other hand, FF and FrF( showed significant increases.
Natural selection is the most likely explanation for the regression which has been shown to occur for some of the colour pattern genotypes.
The homogeneity among samples indicates that there were no real differences in the rate of change in genotype frequency over all samples.
One could conclude from this that the relative selective values were fairly constant and were the same for the different stages of development.
Second-generation hatching in these two populations commenced on or just before i8th December 1960. Samples of nymphs were obtained from both populations on toth January 1961-these two samples will be referred to as the 23-day samples. Adults were collected from both populations on gth February 1961 and they comprise the 53-day samples. The colour pattern frequencies for the two populations are given in table 7.
For population A the colour pattern frequencies among males and females in the 23-day sample were homogeneous. When they are pooled, the total frequencies agree with the expected frequencies generated by the adult gene frequencies in the previous generation assuming random mating (x2 = 7I6 with 5 D.F.).
The proportions of the different instars in this sample were almost equivalent to those in the 26-day sample from the first generation. However, the colour pattern frequencies in the two samples were significantly different both for males and females (x2 = izi with 5 D.F. for females and x2 = içy4.' with 6 D.F. for males). The colour pattern frequencies among adults in first and second generations also differed significantly. Table 8 gives the colour pattern gene frequencies for the two samples from the second generation, and also the gene frequencies for the comparable samples from the first generation. The relative frequency of FT, which increased from O3 to O5 during the first generation, did not differ significantly from o5 in the two samples from the second generation. The frequency of F in each sample was less than that in the corresponding samples from the first generation although the difference was not significant. However, as in the first generation, there was a significant decrease in the frequency of this gene between nymphal and adult females. The frequency of Ft did not change significantly from its value for adults in the previous generation.
In population B, genotypic frequencies among males and females in the 23-day sample were different and neither agreed with the expected frequencies as derived from the adult gene frequencies for the previous generation. The 29-day and 56-day samples from the first generation had an age distribution comparable to the 23-day and 53-day samples respectively from the second generation. The colour patterns already described (Byrne, 1967) may include green pigment. The green is located in the integument and may vary from a trace amount usually located on the posterior portion of the disk '=8ii with i D.F.
EFFECT OF DISPERSION AND MIGRATION ON COLOUR PATTERN FREQUENCIES
During its life-cycle, C. terminfera is often exposed to ecologically diverse environments as afforded by oviposition and food-shelter habitats. Some of the nymphs may disperse from the oviposition site and complete their development in the food-shelter habitat. By studying colour pattern frequencies simultaneously in both environments it may be possible to determine whether or not dispersion of nymphs is random with respect to colour pattern. Kettlewell (1958) showed that in Biston betularia there is a marked preference by melanic forms for dark backgrounds when landing, whereas the non-melanics prefer lightcoloured backgrounds. Such a study may also indicate if the relative selective values were the same in both environments.
The area occupied by population B consisted of an oviposition habitat with sandy soil and a food-shelter habitat with black, selfmulching soil. Nymphs started dispersing from the oviposition site to the food-shelter during the third and fourth instar. Samples were collected from each habitat 27 and 34 days after hatching. The colour pattern frequencies for these samples are given in table i i. The colour pattern frequencies in the two samples collected on the 27th day were homogeneous (x2 = 3.57 with 5 D.F. for females and x2 = 77 with 5 D.F. for males). It would therefore appear that nymphs disperse at random with respect to colour pattern. However, from the samples collected on the 34th day, there was a significant difference between the two environments in colour pattern frequencies (x2 = 15.39 for females, x2 = II 5 for males, each with 5 D.F.). When the samples were obtained on the 27th day, there were relatively few nymphs in the food-shelter habitat but there was a dense band of them moving across the transitional zone. By the 34th day, the nymphs had become distributed over a large area of the food-shelter habitat. It seems likely that the difference in colour pattern frequencies between the two samples collected on this occasion was the result of different selective forces operating in the two environments. In fact, in the food-shelter habitat, conditions for survival must have been extremely adverse. By the 45th day very few grasshoppers had survived and it was not possible to obtain enough individuals for a reliable sample.
In population F, a large portion of the adults migrated from the habitat as a "loose swarm ". Samples which were obtained on 2nd and i4th November 1960 were taken both from migrating and nonmigrating locusts. For each occasion the two samples had similar colour pattern frequencies. (For 2/11/60, x2 = with 5 D.F. and for 14/11/60 x2 = 628 with 6 D.F.). This suggests that there is no differential migration with respect to colour pattern.
DISCUSSION
For most of the populations studied, colour pattern frequencies differed between males and females. This discrepancy could result if males and females had different genotypic selective values. If this were so, then greater differences in colour pattern frequencies between the sexes would be expected among adults than among nymphs. This was not observed. Of course, it is possible that opposing selective forces may have been operating at different stages of the life-cycle and this could lead to a similar situation to that reported here.
For nymphs, the relative genotypic frequencies of FF and FnFt were generally greater in females than in males from the same sample. The incidence of green forms is higher among females of either of these genotypes than of any other colour pattern genotype. If the presence of green pigment in females improves their adaptation, which may be the case particularly on a green background, then the genotypic selective value would be expected to be higher for females than for males. Presumably, the green pigment would have to be somewhat deleterious in adult females to account for the difference in frequency of these genotypes among fifth instar nymphs and adults. It is likely that green adults are less active as fliers as reported by Rubtzov in Chorthippus albomarginatus and hence more prone to predation, or perhaps green forms are more susceptible to disease and parasitism both of which appear to be more prevalent among adults than nymphs -at least from laboratory studies (Byrne, 1967) . Differences in the relative frequencies of colour patterns between the sexes were greater within instars than within samples. For population A, although the frequencies in the samples were homogeneous, they were not homogeneous within each instar. Either males and females do have different selective values or, if they are the same, the 586 0. R. BYRNE difference may be due to the fact that females develop at a slower rate than males.
The changes in relative frequency of the different colour patterns during the first generation were rather similar in each of the populations. Colour patterns which were either heterozygous or homozygous for the F' allele were selected against. However, this gene must be favoured by selection at some stage otherwise its frequency could not be maintained except by a very high mutation rate. The Fa allele may have survival value either during the later generations or in the egg stage. It could also be favoured by gametic selection.
The increase in frequency of the homozygote FrFT indicates that this colour pattern has a selective advantage during the first generation. To explain this increase in frequency one must consider not only the environment for this particular generation but also that in which the previous generation was reared. These two generations were separated in time by at least five months during which the eggs over-wintered. The ecological characteristics of the habitat at these two different times of the year would be different, particularly with regard to temperature, humidity and vegetation. It is also possible that the ancestors of some of the populations were immigrants from geographically different habitats. The gene frequency of FT among the adult ancestors must have been considerably lower than among adults of the first generation.
After hatching of the first generation commenced in October ig6o, there was a period of io weeks during which no rainfall occurred. In this period soil moisture was gradually depleted and daily temperatures increased. The pasture plants which were present at the time of hatching were mainly annual species and these had completed their growth. The subsequent death of these plants resulted in a shortage of green food and a change in the background colour of the habitats. Also, the area of bare patches of soil increased considerably. In other words, during the first generation each habitat became increasingly drier and its background colour became relatively more uniform. The rubiginosa (F?Fr) colour pattern is apparently better adapted than other colour patterns to this kind of environment. It is uniformly brown with black mottling and it certainly appears to be less conspicuous than other colour patterns when on backgrounds such as dead plants and exposed areas of soil. The F?FT genotype would most likely have a selective advantage in such an environment against the action of predators. It is also likely that individuals with this colour pattern are physiologically better adapted to withstand dry conditions than are most other genotypes. They may utilise the available moisture more efficiently or perhaps they are better equipped to survive in the absence of an adequate supply of green food. Rubtzov (i) recorded that the rubiginosa colour pattern in Chorthippus alboinarginatus was relatively more abundant in dry than in humid habitats. Descriptions of this colour pattern suggest that its appearance is similar to the FTFT pattern in C. terminfera; however, it may well have a different genetical basis.
During the second generation rainfall was adequate and summer growing plants were abundant in most of the habitats. In this generation the frequency of FF in population A did not change appreciably from its value for adults in the first generation.
No data were obtained on the effect of predation on colour pattern frequencies. However, the capture of specimens by other invertebrate animals was observed on several occasions. These predators were mainly spiders, Psammocharid wasps and Asilid flies. The work of Carrick (iç) on the food and feeding habitats of two species of Ibis suggest that these birds may be important predators of C. terminfera. Although visual selection by predators may play a part in maintaining the polymorphism, it is likely that physiological selection is more important.
From inadequate data it would appear that migration does not affect the genetic structure of populations, at least with respect to colour patterns. Migration is an important feature of behaviour in gregarious phases of this locust, and for those populations which colonise habitats similar to Key's outbreak centres its occurrence must be common. Little is known either of the factors which trigger off migration in C. terminfera or of the fate of the migrating swarm. Individuals which leave a population certainly become mixed with those from other populations and they may traverse several hundred miles. The migratory phase is generally short-lived and perhaps the majority of adults die without reproducing. It is unlikely that migrants found new populations which can be maintained for a long period of time. However, it is reasonable to expect new populations to be formed in fairly unfavourable habitats and they may persist for a small number of generations if climatic conditions permit. From the evolutionary viewpoint migration is perhaps an adaptive mechanism operating for the survival of those individuals which remain in their habitat. It is a way of eliminating a high proportion of the numbers in a population when competition for space and food become important for survival. It can be regarded as an environmentally determined density-regulating mechanism acting to regulate population density before all resources are depleted and doing so quite independently of the genetic structure of the population. If this large-scale migration resulted in important changes in the population gene pool, it would impose an unnecessary evolutionary load on the population. Several generations of selection would then be required to equilibrate the gene frequencies to levels approaching those determined by the habitat for the population in a non-migratory phase.
It cannot be inferred from the data whether colour pattern polymorphism is transient or balanced. However, it seems unlikely that multiple alleles would be in a transient polymorphism unless the polymorphism was previously balanced. Marked changes in the selective values could upset the equilibrium and the polymorphism could become transient for one or more of the alleles. Data from a 588 0. R. BYRNE number of successive generations are necessary to decide this point.
For multiple alleles in a selectively balanced polymorphism, the necessary conditions for a stable equilibrium require that no heterozygote be less fit than both the associated homozygotes (Owen, 1953; Kimura, 1956; Mandel, 1959) . It is therefore possible to have a balanced polymorphism without all heterozygotes showing overdominance. The equilibrium conditions assume random mating and constant selective values. Further studies in progress should indicate if the average values for the different genotypes satisfy the conditions for a stable equilibrium.
The studies up to date have revealed a number of problems which require further investigation before the evolutionary significance of colour patterns in this species becomes clear. Field studies throughout a number of different seasons should indicate whether or not those colour patterns which were favoured by selection during the first generation maintained their advantage for the remainder of the season. The importance of predators, particularly the ibis, in maintaining the polymorphism is also being investigated. A study of the effect of different environments on genotypic frequencies in separate populations reared in laboratory cages may indicate if some colour patterns are better adapted physiologically than others, and if so, the basis for the adaption.
9. SUMMARY i. The Australian plague locust, Chortoicetes terminfera, occurs in a wide range of habitats throughout Australia. It is strongly migratory and subject to phase variation.
2. Under field conditions, the generation time is about i i weeks, and three generations may be completed in a year if environmental conditions are favourable.
3. Data on colour pattern frequencies in natural populations were obtained for part of the 1960-61 season. There is evidence that the polymorphism is maintained by selection and that selective values vary from population to population.
4. The effect of natural selection on colour pattern gene frequencies can be studied during all stages of the life-cycle except the egg stage. Data from the first generation in the 1960-6 i season suggest that the genotypic selective values were the same for the different instars.
5. At different times in a season, and in different seasons, selective values are likely to be different.
6. Migration appears to be independent of colour pattern genotype.
7. The polymorphism may be maintained primarily through physiological selection, although visual selection by predators could also be important.
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